Neurons exhibit a broad array of biophysical properties that profoundly impact the computations they perform. Even within cell type, diversity in morphology^[@R8]^, expression of molecular markers^[@R1]^ and ion channels^[@R9]^ is well documented but whether such variation reflects necessary biological noise^[@R10]^ or perhaps a functional, dynamic system for regulating excitability at the cellular^[@R11]^ or even network level remains unclear. The h-current (I~h~), or sag potential is one intrinsic biophysical property known to influence the input^[@R12]-[@R14]^--output^[@R15]-[@R17]^ function of most principal cell types^[@R18]^. In the olfactory bulb the broad amplitude distribution of I~h~ --mediated sag potential recorded across the mitral cell population has recently been shown to reflect functional diversity in their input--output responses to *in vivo* stimuli^[@R6]^.

To directly explore whether cell-to-cell variability in membrane potential sag might reflect differences between functional ensembles of mitral cells, we have taken advantage of the fact that in some brain regions the local architecture facilitates the identification of functionally discrete networks of neurons^[@R19]^. This is especially true for the olfactory bulb, where glomeruli act as information hubs that receive inputs from a unique, homogeneous population of sensory afferents^[@R20]^ that are integrated by a network of a few hundred interconnected local interneurons and principal mitral and tufted cells. Thus, in a slice preparation, individual mitral cells can be precisely linked to the functional circuit in which they operate *in vivo*^[@R21],[@R22]^ permitting us to explore whether their intrinsic diversity reflects an emergent property of the functional organization of the olfactory bulb ([Figure 1a](#F1){ref-type="fig"}).

In wild-type mice, mitral cells can exhibit a hyperpolarization-evoked rebound potential and current indicative of the I~h~ -- mediated sag potential recently described in the rat, both *in vitro* and *in vivo*^[@R6]^ ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). The distribution of sag potential amplitude (SPA) recorded across the mitral cell population in mouse is similarly uni-modal (p \< 0.05) and broad (min = −10.4 mV, max = 30.65 mV, median = 3 mV, mean = 3.43 ± 5.8 mV, n = 105 cells, n = 39 animals; [Figure 1b](#F1){ref-type="fig"}, [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). To explore the possibility such population diversity might reflect differences between local mitral cell networks ([Figure 1a](#F1){ref-type="fig"}), we performed simultaneous whole-cell recordings of sag from pairs of cells belonging to distinctly different ([Figure 1c1](#F1){ref-type="fig"}) or the same glomerular ensemble ([Figure 1c2](#F1){ref-type="fig"}). The mean SPA obtained under these two recording scenarios was not significantly different (inter-glom pairs, 3.3 ± 6.7 mV, n = 52 cells *vs* intra-glom pairs 2.45 ± 3.72 mV, n = 28 cells, p = 0.41; [Figure 1d](#F1){ref-type="fig"}). For each recorded pair we determined the absolute difference in SPA ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}) and performed a multiple pair-wise comparison, whereby the SPA difference between each cell and all other cells within the same group --excluding its simultaneously recorded 'partner'-- was calculated ('pseudo pairs', [Figure 1e](#F1){ref-type="fig"}). For inter-glomerular pairs of mitral cells, the distribution of SPA difference between recorded and pseudo pairs was similar (recorded: min = 0.03 mV, max = 21.06 mV, median = 3.57 mV, Q1, Q3 = 1.87, 5.35 mV respectively, n = 26 pairs *vs* pseudo pairs: min = 0.01mV, max = 41.05 mV, median = 4.435 mV, Q1, Q3 = 1.78, 9.46 mV, n = 1300, p = 0.16; [Figure 1e,f](#F1){ref-type="fig"}). This was also the case when comparing inter-glomerular recorded pairs and pseudo pairs extracted from our entire data set (n = 105 cells, 5460 pseudo pairs; [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

In contrast, the sag potential and I~h~--current amplitude recorded simultaneously from mitral cells belonging to the same glomerular network was virtually indistinguishable ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). Thus the difference in the SPA recorded from intra-glomerular pairs was significantly smaller than that determined for "intra-glomerular" pseudo pairs (recorded SPA difference: min = 0 mV, max = 3.59 mV, median = 1.22 mV, Q1, Q3 = 0.31, 2.1 mV, n = 14 pairs *vs* intra-glom pseudo: min = 0 mV, max = 12.75 mV, median = 4.23 mV, Q1, Q3 = 1.99 and 6.41 mV, n = 364 pairs; p = 2 × 10^−5^; [Figure 1e,f](#F1){ref-type="fig"}; [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}), inter-glomerular recorded pairs (p = 2.4 × 10^−3^; [Figure 1f,g](#F1){ref-type="fig"}) and pseudo-pairs extracted from all cells (n = 105 cells; p = 1 × 10^−5^; [Figure 1f](#F1){ref-type="fig"}, [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). The broad range of sag and I~h~--current amplitudes recorded across the bulb is therefore not representative of the diversity found within individual glomerular circuits where it is a homotypic feature of the local mitral cell network ([Figure 1g](#F1){ref-type="fig"}).

Cell-attached experiments in mitral cells indicate that the I~h~ current is largest in patches recorded in the very distal apical dendrite^[@R6]^. Thus, the recorded membrane sag may reflect activation of HCN channels that are expressed predominantly in the dendritic tuft, the site of sensory integration within the glomerulus. To explore this possibility, we performed immunohistochemical staining for the HCN2 subunit that can form both homomeric, or heteromeric HCN channels known to mediate the slow I~h~^[@R23]^ underlying mitral cell sag^[@R6]^. Qualitatively, very little HCN2 protein was observed in the granule cell and mitral cell layers^[@R24]^. In contrast to the external plexiform layer where HCN2 expression was low but homogeneous^[@R24]^ we observed a high-contrast mosaic staining pattern across the glomerular layer ([Figure 2a](#F2){ref-type="fig"}). To determine whether HCN2 expression within the glomerulus was postsynaptic to olfactory receptor neuron input we next utilized a transgenic mouse line that expresses tau-LacZ in the sensory afferents under the olfactory marker protein (OMP) promoter (OMP-IRES-tau-LacZ)^[@R7]^. Double staining experiments against both Lac-Z and HCN2 revealed that the HCN2 protein is predominantly expressed within dendritic compartments downstream of the olfactory receptor input ([Figure 2b,c,d](#F2){ref-type="fig"})^[@R25]^. Irrespective of the potential contribution of other cell types^[@R24],[@R26]^, this mosaic pattern of HCN2 expression is consistent with the observation of large I~h~ currents in the distal apical dendrite and the broad range of sag amplitudes recorded in mitral cells participating in different glomerular networks.

Such glomerular-based SPA and HCN2 expression might reflect network-related homeostatic regulation^[@R27],[@R28]^ of excitability whereby glomerular differences arise from the processing of functionally and genetically unique subsets of olfactory input^[@R20]^. To test this hypothesis we next performed experiments in a transgenic "monoclonal nose" mouse that expresses the M71 odorant receptor in more than 95% of receptor neurons^[@R7]^ (M71tg, [Figure 3a](#F3){ref-type="fig"}). We calculated mean pixel intensities of glomeruli in HCN2-DAB-stained M71tg and control animals that revealed significantly different variances (p = 0.001) whereby the dispersion in the M71tg was less than for control mice (p = 2.5 × 10^−4^; [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). Simultaneous recordings from inter-glomerular pairs of mitral cells in M71tg mice (min = 0.08 mV, max = 6.3 mV, median = 3.3 mV, Q1 and Q3 = 1.32 mV and 3.78 mV; n = 24, [Figure 3b1](#F3){ref-type="fig"}) also revealed a significantly narrower distribution of SPA difference compared to wild-type and control mice (min = 0.23 mV, max = 21.04 mV, median = 3.4 mV, Q1 and Q3 = 1.78 mV and 10.78 mV, n = 24; p = 0.004; [Figure 3b1,b2,c](#F3){ref-type="fig"}). This reduction in sag amplitude diversity was also striking for pseudo pair comparisons determined for all recorded pairs ([Figure 3d1](#F3){ref-type="fig"}) and the overall population data set (M71tg: min = 0 mV, max = 36.01 mV, median = 3.4 mV, Q1 and Q3 = 1.6 and 6.1 mV, n = 91 cells, 4095 comparisons *vs* M71 control: min = 0 mV, max = 51.4 mV, median = 4.6 mV, Q1 and Q3 = 2 and 10.19 mV respectively, n = 81 cells, 3321 comparisons; p = 4.45 × 10^−47^; [Figure 3d2,d3](#F3){ref-type="fig"}). Thus, mitral cells and glomeruli in M71tg mice are more homogeneous in their sag and HCN2 expression profile than those in wild-type and M71 control mice receiving the normally diverse array of sensory afferent input.

Despite the overall reduction in SPA variance in the M71tg, SPA in the intra-glomerular pairs remained more similar (M71tg intra-glom: min = 0.2 mV, max = 6.5 mV, median = 0.8 mV, Q1 and Q3 = 0.3 mV and 1.26 mV; n = 9, vs M71tg inter-glom p = 0.04; [Figure 3c](#F3){ref-type="fig"}, [4a](#F4){ref-type="fig"}). Indeed, we observed no effect of wholesale expression of the M71 receptor on intra-glomerular sag diversity (M71tg vs. control and wild-type mice; p = 0.61 and 0.46 respectively; [Figure 4a](#F4){ref-type="fig"}). Thus, sensory afferent input seems unlikely to be the sole driver of inter-glomerular diversity ([Figure 4b](#F4){ref-type="fig"}).

Using the hyperpolarization-evoked sag potential as a general proxy, we have identified several organizing principles regarding the population diversity of I~h~ expression in mitral cells^[@R6],[@R29]^. Firstly, this intrinsic property is a biophysical signature of local constellations of neurons forming a functionally discrete olfactory network ([Figure 4c](#F4){ref-type="fig"}). Since mitral cells are electrically and exclusively coupled to their intra-glomerular counterparts, co-regulation of the I~h~ channel and current may contribute to their biophysical similarity^[@R9]^. Secondly, analysis of the M71tg mouse directly shows that this network affiliation based signature depends on sensory information processing. The fact that in the M71tg mouse intra-glomerular sag diversity remained more homogeneous than the overall population also suggests that other factors such as feed-forward and lateral inhibition may contribute to sag regulation at the level of the glomerulus. From a functional perspective, mitral cell F-I curves are known to shift left, from a sigmoid toward a linear operation with increasing sag^[@R6]^. We suggest that the glomerular basis of this delineation may reflect a network-based gain control mechanism and result in correlated output patterning at the level of mitral cell networks^[@R30]^. Irrespective of the cellular mechanisms underlying the regulation of this phenomenon, the glomerulus-based diversity in expression of this intrinsic property appears a fundamental feature of the organisation and function of these olfactory circuits.
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###### METHODS SUMMARY

Whole-cell recordings using standard intracellular and extracellular solution were performed in horizontal olfactory bulb slices (300 μm thick) prepared from wild-type C57Bl/6J and M71 transgenic or control littermate mice aged 4--6 weeks. The I~h~ current and I~h~ --mediated sag potential has recently been extensively characterized for mitral cells^[@R6]^ and the details of the experimental and analytical procedures are provided in the [Supplementary Information](#SD1){ref-type="supplementary-material"}.

![Diversity of sag potential amplitudes within and across mitral cell networks\
**a**) Schematic of two possible organizing principles of mitral cell biophysical diversity. Each olfactory glomerulus receives genetically unique input, indicated in red, green and blue. The intrinsic, biophysical properties of mitral cells (represented by the different colored circles) within a glomerular network may be heterogeneous (left) or homogenous (right). **b**) Histogram (fitted with a Gaussian) showing the distribution of sag potential amplitude (SPA) recorded across the mitral cell population (n = 105 cells). Traces are three examples recorded from cells belonging to the indicated bins. Scale bar is 600 ms and 15 mV. Example morphologies of two simultaneously recorded mitral cells projecting to either different (**c1**) or the same glomerular networks (**c2**). The voltage traces show the sag potential recorded in three examples of inter- and intra-glomerular pairs. Scale bar is 500 ms and 10 mV. **d**) Histograms of SPA for all individual cells belonging to either inter- (purple) and intra-glomerular (green) pairs. **e**) top: Histograms of recorded SPA differences for inter- (n = 26) and intra-glomerular (n = 14) pairs. bottom: Histograms of SPA differences for inter- and intra-glomerular pseudo pairs. **f)** Boxplot of recorded and pseudo inter-glomerular pairs, pseudo-pairs of all recordings, intra-glomerular pseudo- and recorded pairs. Open circles represent individual data points of recorded SPA difference. **g**) Histogram of sag amplitude difference for inter- and intra-glomerular recorded pairs fitted with a half Gaussian (n = 26 and 14 pairs respectively; bin size = 3 mV). Inset: Gaussian fits of the recorded data for intra-glomerular (green) and inter-glomerular pairs.](ukmss-48767-f0001){#F1}

![Glomerular expression of HCN2 in wild-type and OMP-IRES-tau-LacZ- expressing mice\
**a**) Left: Schematic of a horizontal section of olfactory bulb highlighting its anatomical organization (olfactory receptor nerve (ORN) layer, glomerular layer (GL), mitral cell layer (Mi), external plexiform layer (EPL), granule cell layer (GrL)). Middle, right, HCN2-DAB staining highlighting glomerular diversity. **b**) Anti-HCN2 and anti-β-galactosidase staining in OMP-IRES-tau-LacZ-expressing mice. Right: Overlay of green and red channels. **c**) High magnification images of the glomerular layer. Colors as in b. **d**) Left: Higher magnification images scanned as 30 digital sections represented as a pseudo 3D image of an approximately 6 μm thick section. Areas of overlap between green and red shown as light blue and indicate close proximity of the HCN2 and OMP-LacZ signals (middle and right panels are zoomed images of hashed area shown on left). Right panel: green removed for clarity.](ukmss-48767-f0002){#F2}

![Glomerular expression of HCN2 and mitral cell sag in M71 monoclonal mice\
**a)** Schematic (left) showing that, in the M71tg mouse line, sensory afferents to all glomeruli express the same M71 receptor. On the right, HCN2-DAB stain in horizontal slices from a M71tg mouse. **b1**) Example morphologies of two simultaneously recorded mitral cells belonging to distinctly different glomeruli (inter-glom pair) in the M71 transgenic. The voltage traces show the sag potential recorded in three different example pairs in M71tg (**b1**) and control mice (**b2**). Scale bar is 10 mV, 500 ms. **c**) Box plot of the SPA difference for inter-glomerular recorded pairs from M71tg (black) and control mice (orange). Scatterplots of SPA for pseudo pairs extracted from paired inter-glomerular recordings in the M71tg (**d1**) and control (**d2**) mice. **d3**) Histogram of SPA differences for pseudo-pairs extracted from all cells recorded in the M71tg (n = 91 cells, 4095 comparisons) and control mice (n = 81 cells, 3321 comparisons; bin size = 1 mV). Inset: Overlay of histogram spline fits highlight the disparity between the distributions.](ukmss-48767-f0003){#F3}

![Population diversity reflects local network membership and sensory processing\
**a**) Left: Example membrane voltage traces showing the sag potential recorded in three different intra-glomerular pairs recorded in the M71 transgenic mouse (scale bar is 500 ms and 10 mV). Right: histogram of the SPA difference recorded for intra-glomerular pairs in mice expressing the M71 transgene (n = 9 pairs; black filled line) versus M71 control and wild-type (pooled: n = 17 pairs; purple dashed line). Inset: Box plot of SPA difference for intra-glomerular pairs recorded in wild-type (n = 14), M71 control (n = 3) and transgenic (n = 9) mice. **b**) Summary data plotted as a cumulative histogram of SPA difference of all recorded pairs. **c**) Schematic highlighting the relationship between glomerulus affiliation, sensory input and mitral cell sag diversity (represented by white, grey or black filled circles for wild-type and M71 control mice versus M71tg mice (shades of gray)).](ukmss-48767-f0004){#F4}
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